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Abstract—The exploitation of mm-wave bands is one of the key-enabler for 5G mobile radio networks. However, the introduction of
mm-wave technologies in cellular networks is not straightforward due to harsh propagation conditions that limit the mm-wave access
availability. Mm-wave technologies require high-gain antenna systems to compensate for high path loss and limited power. As a
consequence, directional transmissions must be used for cell discovery and synchronization processes: this can lead to a
non-negligible access delay caused by the exploration of the cell area with multiple transmissions along different directions.
The integration of mm-wave technologies and conventional wireless access networks with the objective of speeding up the cell search
process requires new 5G network architectural solutions. Such architectures introduce a functional split between C-plane and U-plane,
thereby guaranteeing the availability of a reliable signaling channel through conventional wireless technologies that provides the
opportunity to collect useful context information from the network edge.
In this article, we leverage the context information related to user positions to improve the directional cell discovery process. We
investigate fundamental trade-offs of this process and the effects of the context information accuracy on the overall system
performance. We also cope with obstacle obstructions in the cell area and propose an approach based on a geo-located context
database where information gathered over time is stored to guide future searches. Analytic models and numerical results are provided
to validate proposed strategies.
Index Terms—5G networks, mm-wave radio access, RAN, directional cell discovery, context information, obstacle shadowing,
reflected paths.
✦
1 INTRODUCTION
In this phase of the process that will lead to the definition
of the 5th generation (5G) of wireless access networks, the
mobile industry sector is facing a traffic demand revolution
that is strongly impacting on the wireless network per-
formance. Guaranteeing high peak rates and low latency
is no longer an option only for few dedicated customers:
advanced solutions must be developped to cope with smart-
phone and tablet applications’ requests, which are pushing
operator networks to face wireless resource scarcity. In this
context, the compelling availability of new big spectrum
shares is drawing the attention of academic and indus-
trial partners to explore frequencies above the conventional
5GHz. To this extent, a promising opportunity is repre-
sented by millimeter wave (mm-wave) communications,
which give a two-fold advantage: i) additional unlicensed
spectrum bands can be smartly turned to good account, ii)
mm-wave spectrum provides extremely wide bandwidths
(up to 1GHz), enabling ultra-high data rates for greedy users
[1].
Having been used for many years as a reference technol-
ogy in point-to-point links, standardization groups are now
looking at mm-waves in the novel perspective of the 5G
network design, which enables their use in the radio access
network (RAN). This opens up new challenges as such a
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new solution for advanced RAN technologies suffers from
severe propagation losses combined with an adverse prop-
agation environment. On the one hand, the weak ability to
diffract around obstacles makes mm-wave communications
vulnerable to blockage issues. Even the characterization of
the propagation conditions is a challenging task, due to
the large number of different aspects that can influence
the signal [2], which must be carefully addressed. On the
other hand, the short wavelength allows the use of antenna
arrays with a relatively large number of elements that can
be accommodated in a small space, both on the base station
(BS) and on the user’s mobile terminal (MT) 1. Therefore,
the research trend in mm-wave transmission technologies is
currently moving towards the use of advanced beamform-
ing techniques to concentrate the overall radiated power on
very small angles, so as to extend the transmission range
(i.e., the cell coverage) and to easily track terminals while
they move within the coverage area. These techniques bring
mm-wave small cells to cover up to a few hundreds of
meters [3], [4].
Nonetheless, the integration of mm-wave small cells in
the current legacy RAN architectures exhibits its major lim-
itations. Even resorting to the most advanced beamforming
techniques, a full mm-wave small-cell deployment presents
critical service disruptions and signal losses due to the high
attenuation and the presence of obstacles, e.g., including
human bodies, which can seriously hamper the signal prop-
agation. To overcome this issue, we rely on a promising cel-
1. Within the text we use the terms user and mobile terminal inter-
changeably.
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Fig. 1. Example of C-/U-plane split architecture in mm-wave Radio
Access Networks.
lular architecture based on heterogeneous layers that blends
together the emerging SDN paradigm and the functional
split between the user plane (U-plane) and control plane
(C-plane) 2. While the former enables network controllers
to centrally perform network operations, such as resource
allocation, beam steering, etc. [6], the latter guarantees a
full coverage by exchanging signaling messages with legacy
BSs (typically macro cells) and provides ultra-high capacity
channels by means of mm-wave small cells [7] activated on-
demand, as shown in Fig. 1. Capacity layers are added to
provide high transmission rates and low latency around hot
spots, e.g., areas with important social events or with high
traffic concentration. Mobile terminals are thus character-
ized by a double connectivity: one permanent connection
is established to manage signaling, while a data bearer is
activated on-demand for high-rate data transfers. This is the
solution currently considered within the MiWEBA3 project
and other main projects on 5G (e.g., MiwaveS4, 5grEEn5).
Additionally, it also paved the road for a new network
concept where network control functions are virtualized and
optimally placed within the core network [8].
Although mm-wave transmissions promise to revolu-
tionize the wireless access experience, considering mm-
wave technologies as access network facilities brings ad-
ditional complexity in network operations, e.g., the initial
network access. Differently from previous specifications
wherein synchronization signals were typically broadcast
within the cell area and mobile terminals sensed and de-
modulated the synchronization signal, the directional nature
of mm-wave communications requires the transmitter and
the receiver to be spatially aligned , and thus, a discovery
process must be executed. This process consists in a ge-
ographical scan of the cell area (by both transmitter and
receiver), sweeping through all possible directions. When
2. Although such a functional separation is not a novel concept in the
network design, it has been recently introduced in the mobile cellular
area. Beyond Cellular Green Generation (BCG2) [5] project within the
GreenTouch Consortium (http://www.greentouch.org) has proposed
the first complete architecture in 2011 for energy-saving purposes.
3. FP7-ICT EU-Japan Millimetre-Wave Evolution for Backhaul and
Access (MiWEBA) project, http://www.miweba.eu.
4. FP7-ICT EU Beyond 2020 Heterogeneous Wireless Network with
Millimeter Wave Small Cell Access and Backhauling (MiWaveS) project,
http://www.miwaves.eu.
5. EIT-ICT Towards Green 5G Mobile Networks (5grEEn),
http://wireless.kth.se/5green.
the discovery process is not properly designed with smart
mechanisms and algorithms, a large delay might be intro-
duced in the user access, negatively impacting handover
procedures [9], as well as the user quality of service (QoS).
This becomes especially critical in scenarios where mm-
wave communications are used in an opportunistic manner,
by exploiting their extremely high data transfer rate in
occasional short link activations.
In this article, we present a thorough study on smart
cell discovery schemes by highlighting advantages and
drawbacks. Our analysis unveils a novel fast and efficient
cell discovery procedure relying on the new architecture pro-
posal. In particular, driving the initial search on the basis
of the user-location information collected from the separate
C-plane signaling, our solution outperforms the currently
available discovery procedures by limiting the access delay.
We develop an accurate analytic model taking into account
directivity effects on both BS and MT side in order to
predict the performance and to compare different discovery
algorithms. Analytical results are further supported by ex-
haustive simulations to assess the impact of the uncertainty
in the localization and propagation impairments in realistic
scenarios. To the best of our knowledge, this is the first
work investigating the impact of obstacles on the cell search
process. Their effect, combined with the inaccuracy of the
location information, can severely harm the cell discovery
procedure. To deal with this issue, we propose a geo-located
context database able to speed up the cellular attachment op-
erations by storing and processing the information about the
previous cell discovery attempts. The proposed framework
enables the use of mm-wave communications in radio access
networks by providing a fast and reliable cell discovery
procedure in realistic network scenarios.
The article is organized as follows. We address the mm-
wave initial cell discovery problem in Section 2. In Section 3,
we discuss related works on directional cell discovery. We
describe the proposed cell discovery algorithms and their
analytic models in Section 4, while a thorough analysis of
the numerical results is carried out in Section 5. The effect
of the obstacles and the impact of the geo-located context
database are described in Section 6. Finally, in Section 7, we
discuss implementability issues of the proposed approaches.
Section 8 ends the articles with some concluding remarks.
2 MM-WAVE INITIAL CELL DISCOVERY
Technical challenges must be taken into account when
applying a functional split to the cellular network. While
legacy control functions assume that the service requests
are collected and served by the same network entity, e.g.,
a base station, the functional separation abstracts the re-
source management functions by granting a full network
view to an independent network entity. This requires a
richer user-context information in order to properly acti-
vate data network elements and, in turn, to approach the
optimal utilization of system resources. As a consequence,
the resource management becomes more complex, and thus,
sophisticated resource allocation algorithms are required.
Despite the functional split, some of the low level control
functions, which are strictly related to the physical layer,
cannot be delegated to a separated signaling connection
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Fig. 2. Directional cell discovery examples.
with a different base station. Among these functions, the cell
discovery process in mm-wave RAN is critical as it requires
an initial directional scan that introduces an access delay.
In this article we propose fast cell discovery algorithms
for mm-wave RAN that can smartly explore the small
cell area while coping with access delay issues. They are
based on the user-context information, retrieved through
the separated signaling connection established by means
of conventional cellular technologies. We show that even
coarse information can greatly improve the cell discovery
performance.
Let us consider a simple cell discovery strategy consist-
ing in sweeping through all possible antenna configurations
while looking for a rendezvous between the mm-wave BS
and the user. This process might take long time so that the
synchronization phase might be severely delayed. Current
antenna technologies allow to use many different antenna
configurations [10]: different beam widths can be available,
and, according to the beam width, many different pointing
directions can be used 6.
The beam width selection has a significant impact on
the discovery procedure. Large beam widths allow to scan
faster over the surrounding space –fewer switches–, but they
can reach relatively close users. Vice versa, narrow beams
can cover far away users, but they require a large number
of antenna configuration changes to scan the entire space.
As a consequence, the discovery procedure must undergo
a trade-off between speed and range of the space explo-
ration. The best mix clearly depends on available antenna
configurations and users distribution. As shown in Fig. 2,
the green wider beam allows to explore the space with a few
configuration switches, however, it can cover only the green
user. Indeed, the black user, farther away, cannot be reached
with the green beam, but rather with a thinner beam, such
as the red one. In this case, several switches are needed to
cover the same angular span so as to eventually find the
user.
The context information is another relevant factor that
should be considered. Within a split architectural paradigm,
the cell discovery might take advantage of acquiring infor-
mation on mm-wave BSs and MTs. Generally speaking, the
6. In this work, we assume a fixed transmission power for the mm-
waves small cell deployment following the current standardization
bodies (e.g., 3GPP or NGMN). However, our proposal could be easily
extended to admit advanced power control schemes.
Fig. 3. Directionality issues at mobile terminal side.
initial access procedure can be improved by richer infor-
mation, e.g., terminal positions, channel gain predictions,
user spatial distribution, antenna configurations success-
fully used in previous accesses, and so on. Ideally, if the
context provided perfect information, mm-wave BS and
user could directly discover and point each other with a
narrow beam in one single step. In practice, inaccuracy is
unavoidable, hence, context information can only be used
to narrow down the search space and limit the searching
time. Therefore, an advanced discovery algorithm is crucial
to guide the search through the most likely successful con-
figurations trying to minimize the number of attempts, even
when only inaccurate context information can be obtained.
For instance, Fig. 2 shows a black user affected by a un-
precise position information. The choices of the discovery
algorithm could range from selecting a very narrow and
long range beam –so as to increase the gain toward the
user’s estimated position– to choosing a large beam width
to be more robust against user location errors at the cost of
a reduction in the user received power.
User’s location plays a relevant role in speeding up
the discovery when the context information is considered.
Given the knowledge about the network deployment, the
BS exploits user’s location to point its beams towards the
network area where a user is expected to be found. How-
ever, the same assumption cannot be made at user’s side.
Indeed, both position and orientation can only be estimated.
In particular, the orientation is extremely critical as a small
error can seriously impair every context information benefit,
as shown in Fig. 3. A rotation of the MT antenna array can
lead the receiver to focus towards wrong directions, because
of a different reference system. Moreover, the limited energy
and the limited computational power available at MT with
respect to BS, significantly reduces the complexity of imple-
mentable discovery algorithms. Therefore, it is reasonable to
expect basic strategies to address directionality at user side.
Finally, due to unavoidable severe shadowing effects,
obstacles (with static or quasi-static behavior) may strongly
affect the cell discovery performance. On the one side, due
to the high frequency, every object (i.e., human bodies,
cars, trees, furniture, etc.) behaves as an opaque body,
thus preventing signals from propagating through it. On
the other side, the mm-wave propagation channel has a
quasi-optical nature. Flat surfaces can be considered as
mirrors [11], making reflected paths characterized by a non-
SUBMITTED TO IEEE TRANSACTIONS ON MOBILE COMPUTING 4
Fig. 4. Using geo-located context database to manage reflected paths.
negligible received signal strength, i.e., a viable alternative
to the direct path, as supported by the experimental mea-
surements conducted in [12]. Hence, spatial scheduling so-
lutions, if properly designed, may even reach hidden users
and provide them ultra-capacity connectivity by leveraging
reflected paths to overcome obstacle obstructions, as show
in Fig. 4.
Please note that the use of reflected paths may reduce the
efficiency of basic cell discovery algorithms relying on posi-
tion information, as they typically assume the LOS beam
availability. When the LOS beam is obstructed, the algo-
rithmmust search among other antenna configurations until
synchronization operations can be successfully performed.
This makes the initial cell discovery process even more chal-
lenging. Nevertheless, storing the history of past attempts
per user position in a context database can substantially
help to derive information on the most likely configurations
for a specific location. Approaching the search with the
previous successful antenna configuration, and then, in case
of failure, switching to a smart discovery algorithm, could
be a simple but effective solution that greatly reduces the
discovery time. The management of this geo-located context
database is an aspect that must be carefully investigated, as
it can provide a remarkable speed-up to the cell discovery
process in mm-wave RAN facilities.
Although in our study we focus on the initial access,
when the user joins the network, whenever a handover
procedure occurs (or, more generally, the user connection
is dropped) a new cell discovery procedure must be in-
stantiated in order to provide mm-wave capabilities to the
user (following the same procedure used for the initial ac-
cess). Differently, an alternative approach could be adopted
during transitions from and to an idle mode: delaying the
mm-wave channel release could help to re-establish a new
connection thanks to beam tracking functions. However,
lower access delays are achieved at expenses of higher en-
ergy consumption levels. We leave this analysis as a future
research direction and out of the scope of this article.
In the rest of our work, we start considering an obstacle-
free scenario wherein we propose smart discovery algo-
rithms. They provide advanced procedures to minimize
the number of antenna configuration attempts in order to
establish a connection with a signal power level sufficient to
acquire the synchronization signal. After a complete disser-
tation, through an analytical and a numerical analysis of the
obstacle-free case, we introduce obstacles in our scenarios.
We discuss how context information about past successful
attempts could be processed and used to further improve
the overall system performance.
3 RELATED WORKS
Mm-wave technologies rely on high-gain directional anten-
nas. While they are playing a leading role in the design
of future networks, their issues and challenges have been
extensively studied in the past for ad-hoc wireless net-
works [13], where MAC protocols have been introduced
to cope with the initial access problem. In [14], protocol
details are provided with a focus on the association and dis-
covery phase in short-coverage environments, whereas Ra-
manathan et al. present in [15] a complete framework for ad-
hoc networks adopting directional antennas, pointing out
technology challenges and off-the-shell solutions. A widely-
accepted conclusion of all these works is that, while improv-
ing spatial reuse and extending the link range, directional
communications exacerbate deafness and hidden terminal
problems and increase the complexity of the neighboring
discovery process. Thus, most of the research works tend to
consider a control plane management performed by omni-
directional interfaces (further discussed in Section 7) which
orchestrates the beamforming operations [16] or to assume
a blind spatial search to detect the user signal [17]. Interest-
ingly enough, devices in Wireless Personal Area Networks
(WPANs) are typically provided with omnidirectional sens-
ing capabilities for neighboring discovery, whereas they can
focus their beam towards incoming signals by using beam
tracking algorithms, as shown in [18]. Tracking algorithms
to avoid obstacles on the direct path are used as well, as
illustrated in [19].
The evolution ofWi-Fi networks has blended together re-
cent mm-wave technologies and advanced directional MAC
protocols. A new standard, IEEE 802.11ad, also known as
WiGig, has been proposed to boost the WLAN performance
by increasing the overall spectral efficiency. In this stan-
dard, the cell discovery process leverages the information
collected during a periodic beamforming training period.
Several solutions have been proposed to improve the stan-
dard. A good solution is presented in [20] where Access
Point (AP) beam parameters, such as its width, are opti-
mally selected to reach every subset of surrounding users.
Conversely, in the uplink context, the optimal directional
beam information is analyzed in [21], where a novel MAC
protocol selects the best direction found during a training
period to beam towards a relay station whenever channel
conditions degrade. The work in [22] presents a joint beam
width selection and power allocation problem in order to
maximize the overall network throughput in a mm-wave
wireless network affected by deafness and misalignment
impairments. Due to the huge complexity and the full
topology awareness required by the optimal solution, the
authors propose two standard compliant schemes which
exploit directionality to maximize the reuse of available
spectrum while imposing almost no computational load.
Finally, [23] proposes an interesting work on smart beam
steering algorithms applied to mm-wave wireless LAN.
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Specifically, the proposal exploits previous information to
narrow down the sector search space while users move.
None of the presented prior works aims at facing cell
discovery issues in cellular networks, although they paved
the way for developing new protocols to handle the ever-
increasing requirements of future cellular networks.
Recent researches have started investigating mm-waves
as a promising technology to be adopted in 5G networks.
Some of the first works in this direction are [9], [4], [24], and
[25]. The authors in [9] show that a mismatch between the
discoverable network area and mm-wave service coverage
could occur, and it is detrimental to the cellular network
operations. In [4], an analytical model for cellular coverage
(and rate performance) is presented by means of distance-
dependent Line-Of-Sight probability function. Based on
such a model, the authors have proven that dense mm-
wave networks can achieve much higher spectral efficiency
w.r.t. conventional cellular networks, while providing con-
siderable cellular coverage. However, transmission block-
ages and coverage discontinuity make the full mm-wave
deployment far from being practically viable. In [24] and
[25], we initially proposed fast cell discovery procedures
leveraging context information and provided a very prelim-
inary approach to deal with obstacles and reflected rays.
In [26], the cell discovery procedure is addressed from
a physical-layer perspective. Analysis and solutions are
presented, however, the work focuses on acquiring channel
synchronization, thus, it is somehow orthogonal to our
proposal. The authors in [27] discuss MAC layer design
issues for cellular networks, identifying challenges and so-
lutions. In addition, they provide a model for the spatial
search delay when semi-directional or fully-directional mm-
wave antennas are considered. Although being an accurate
model, it assumes that directional synchronization pilots
are transmitted in a first phase to get BSs and MTs syn-
chronized both in time and space. Then, a spatial search
is carried out to get BSs’ and MTs’ antennas aligned. This
two-step access procedure might further delay the discovery
process, therefore, we apply an one-step procedure in our
proposal. In [28], an evolution of the 3GPP standard for
user association is presented by pointing out mm-wave
challenges and, in particular, how to prevent connection
losses. The authors propose two BS synchronization options:
i) an omni-directional synchronization signal able to cover
the entire cell area or ii) a sequence of narrow directional
synchronization signals with fixed beamwidth, sequentially
varying their directions. Conversely, in our work we analyze
different sequences and combinations of beam widths and
directions in order to shed light on the complexity of the cell
discovery mechanisms and its delay implications.
An overview of iterative and exhaustive cell search
schemes has been provided in [29], where also different al-
gorithms have been compared. Very recently, in the work-in-
progress paper [30], an approach based on context informa-
tion and directivity of mobile antennas has been proposed.
With respect to the above literature, in this article we
provide the following novel contributions:
• we propose smart cell discovery procedures relying
on the C-/U-plane architectural split;
• we propose a mathematical formulation to estimate
the probability of being discovered within a short
time window by using cell discovery procedures;
• we introduce the use of mm-wave path reflections to
avoid obstacles and reach hidden users;
• we propose and evaluate a context-based approach
which, leveraging past access information, mini-
mizes future search delays;
• we validate our approach by exhibiting outstanding
results against basic search approaches in presence of
obstacles, to the best of our knowledge, no advanced
study has addressed this problem so far.
4 OBSTACLE-FREE FAST CELL DISCOVERY
Once a new user joins the network, it starts seeking for
the synchronization signal sent through a BS beam. At one
extreme, if no context information is available, the BS (user)
randomly selects a beam width and a pointing direction
while probing around to spot potential users (BSs). Upon
receiving a signal power level above the minimum detection
threshold, the user reports channel information and starts
the association process. Clearly, this scheme might result in
a very long cell discovery time due to the randomness of the
user’s position. At the other extreme, assuming a perfect
knowledge of the user’s position, the user’s orientation,
and the propagation environment, the BS readily computes
the proper pair s0 = (w0, d0) (beam width, pointing direc-
tion) to provide a sufficient signal power level to the user,
which gets connected in one single attempt. This trivially
minimizes the cell discovery time. The real condition is
somehow between these two extremes: although not perfect,
the information about the user position can significantly
speed up the cell discovery procedure.
Note that, an optimal beam selection implies the knowl-
edge of the path loss between the MT and the BS, which
could be estimated by using channel models [2] or anchor-
based prediction systems [31] with a given accuracy. How-
ever, for the sake of simplicity, given the statistical prop-
erties of such distributions, we can consider channel path
loss and user location errors merged together in a unique
equivalent location error.
At BS side, if the user is not immediately detected with
the initial beam s0, due to the inaccuracy of the provided
position, the discovery proceeds with other beams by means
of a provided search sequence s1, ..., sn. As for the user side,
we consider a simple discovery based on the SLS phase of
IEEE 802.11ad BF protocol. We consider M available beams
that equally divide the full circle, they are sequentially ex-
plored until the BS beacon is correctly received. We assume
a loose synchronization between MT and BS, which can
be established through the legacy C-plane connection. At
each BS beam switch, a full MT circular sweep is carried
out, switching through its M beams. When the MT has
completed its switches, the BS can move to another beam
and the MT sweep restarts. Note that in this process a BS
beacon is transmitted at each MT switch.
When a MT and a BS activate two beams that allow
them to point each other in a way that the BS beacon can
be decoded at MT side, the cell discovery is concluded.
This can be confirmed by the user via a prompt message
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transmitted through the mm-wave interface, or through the
legacy C-plane interface that successfully notifies the BS.
The best option relies on the network architecture and the
mm-wave MAC protocol, which, although being an inter-
esting issue, cannot be addressed in this article due to space
limitation reasons. When the whole BS search sequence has
been explored without a positive user feedback, the user is
marked as unreachable.
Let us consider a 2D environment (fixed elevation an-
gle) and a steerable antenna, with a discrete set of beam
widths W−3dB and pointing directions D. The number of
pointing directions with a beam width w−3dB ∈ W−3dB is
N = 2π/w−3dB. Beam width and antenna gain are linked
by a Gaussian main lobe profile [32]:
GdB(φ, θ) =
10log
(
16pi
6.76·wφ
−3dB
·wθ
−3dB
)
− 12 ·
(
φ
w
φ
−3dB
)
− 12 ·
(
θ
wθ
−3dB
)
(1)
where φ and θ are defined as offsets between the main
lobe direction and the elevation angle and azimuth angle,
correspondingly, while wφ−3dB and w
θ
−3dB are respectively
elevation and azimuth half-power beam widths. Since we
consider only azimuth angles in the following, wθ−3dB =
w−3dB .
We cast the cell discovery problem into a search time
minimization problem wherein, given a user behavior char-
acterized by a sequential beam scan, a mm-wave BS must
find i) the beam width w−3dB ∈ W−3dB , and ii) the
pointing direction d ∈ D in order to provide the user with
a sufficient signal power level to detect the presence of
the mm-wave BS, and thus, to synchronize. A cell discov-
ery procedure must define the search sequence of beams
s = s0, ..., sn (i.e., {beam width - direction} pairs) to be
sequentially activated by the mm-wave BS.
Clearly, the way s is designed strongly determines the
performance of the discovery procedure. In the next section,
we present an analytic model to predict the cell discovery
time starting from a generic search sequence s. Then, in
Section 4.2 we discuss several design solutions for s.
4.1 Stochastic model
We consider a scenario where users are distributed, accord-
ing to their nominal position (e.g., the one indicated by
the localization system), following a bidimensional density
function fXY in a square area of side length l. Each nominal
position (x, y) is affected by a localization error described by
a symmetric and independent bivariate normal distribution
characterized by parameter σ and centered in (x, y)7. User
orientation is randomly chosen. Users are dropped in the
obstacle-free square area and the mm-wave BS is placed in
the middle.
As shown in the sector S1.6 of Fig. 5, we approximate
the coverage footprint of a pair of beams selected by M
and BS (i.e., the area surrounding the BS where a MT can
correctly decode BS signals when the BS beam is active and
the MT beam is pointing towards the BS) with a circular
sector described by three parameters: radius, angular width,
7. We rely on the modelization of the localization error commonly
applied into standard GPS systems [33].
Fig. 5. Beam footprint and model sector approximation. The dashed
region is the coverage footprint approximated via sector S1.6. The red
dot is user’s nominal position, while the blue cross is its real position.
and pointing direction. We use the half-power beam width
w3dB of the BS beam as sector angular width and the same
pointing direction as of the BS beam, p = k · w3dB , with
k = 0, .., 2pi
w3dB
− 1. As radius, we consider the maximum
distance, scaled by a factor η, at which user and BS can
connect if both MT and BS beams are perfectly aligned.
Basically, we consider the maximum antenna gain at both
BS and MT. Our design introduces two approximations: i)
while the real footprints of adjacent beams slightly overlap,
sectors with a fixed width can cover 2π radians without
overlapping, ii) while the model considers a perfect MT-
BS alignment,M user beam directions are fixed, depending
on user’s orientation. Therefore, MT and BS beams could
never be perfectly aligned during the MT scan. This reduces
the maximum coverage distance, which we model with the
factor η. However, these approximations allow to greatly
simplify the model without substantially impairing its accu-
racy, as shown in the next section where model results are
validated against simulated ones.
Given the user’s nominal position (x, y), the cell dis-
covery starts with a BS beam that can potentially cover
(x, y), if the MT beam were pointed towards the BS. In the
model, this translates into finding the circular sector with
the largest width including (x, y), which can be straight-
forwardly computed. Once the BS beam is activated, in
turn, the MT sequentially activates its M beams, starting
from a random direction, until the BS beacon is detected.
Please note that the BS beacon is retransmitted M times
on the same selected BS beam direction in order to help
the synchronisation process from user side. Given the low-
computational resources on the user side, we only imple-
ment advanced beam discovery algorithms on the BS side
whereas MT simply performs a sequential beam search.
However, more-complex user searching algorithms may be
addressed in future works.
Wrong parameters in the initial BS search beam may
result in an unsuccessful user connection, thereby forcing
the cell discovery process to scan a sequence of BS beams, s,
determined by the search algorithm. If we label every pos-
sible BS beam configuration (w3dB, p) with an identification
number, we obtain that each search algorithm, α, provided
with the initial location (x, y), defines a numerical sequence
s = s {α, (x, y)} of beam identifiers. The n-th element of s
indicates the circular sector corresponding to the BS beam
selected at the n-th step of the search process at BS side.
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Once the MT is located within the coverage footprint, we
assume that the connection will be established using the
same BS beam and one of theM MT beams.
In order to assess the performance of a cell discovery
algorithm α, we are interested in computing the probability
of connection establishment at step n, at both BS and MT
side. We name pαBS,n and p
α
MT,n, respectively, the probabil-
ity mass function (PMF) at BS and MT side. The PMF pαBS,n
can be computed considering that a MT in the coverage
footprint defined by the BS beam sn will be connected
before the BS moves to the next beam. Therefore, it can be
expressed as follows:
pαBS,n =
∫∫
pαBS,n(x, y)fXY (x, y)dxdy, (2)
where pαBS,n(x, y) is the conditioned probability of connec-
tion at the n-th step of algorithm α, given the user’s nominal
location (x, y). We can express the conditioned probability
as:
pαBS,n(x, y) =
∫∫
An{α,(x,y)}
N (x, y;x, y, σ)dxdy (3)
where the normal distribution of the location error N is de-
scribed by the parameter σ, and shifted to (x, y). Depending
on the algorithm α, An {α, (x, y)} is the area obtained as
the difference between the area of sector sn and the area of
the overlapping sector(s) with a smaller radius (i.e., larger
width than sn), which has (have) been already explored in
the sequence {s0..sn−1}. If no overlapping sector belongs to
the sequence, An {α, (x, y)} corresponds to the whole area
of sector sn.
In Fig. 5, sector S1.5 overlaps only with sector S2.3,
while sector S2.2 has two adjacent overlapping sectors, S1.4
and S1.5. When sn = S2.2 and only S1.5 is in {s0..sn−1},
An {α, (x, y)} splits into the annulus sector determined by
S2.2 and S1.5, and the remaining circular sector obtained by
substracting the overlapping area of S2.2 and S1.5 from the
S2.2 area. Since the definition of An {α, (x, y)} states that
overlapping sectors are always wider than the overlapped
ones, the case in which more than two adjacent sectors
overlap with a narrower sector does not exist.
Finally, the definition of An {α, (x, y)} follows from the
probability of connection at step n. Indeed, in order to
have a successful discovery at step n, the user must lie in
a region of the sector sn covered by none of the sectors
st, t ∈ [0, n− 1], otherwise, the BS beacon would have
been already detected before step n. The computation of
An {α, (x, y)} is greatly simplified by the removal of the
overlap among sectors with the same width.
As for the PMF at MT side, pαMT,n, we can note that
once the discovery probability at the corresponding BS step
⌊ n
M
⌋ is computed, the probability of connection in one of the
steps of the corresponding MT round is uniform and equal
to 1
M
. Therefore, we can write:
pαMT,n =
1
M
pαBS,⌊ n
M
⌋ (4)
4.2 Cell Discovery procedures
The sequence s of explored beams is the key-feature to
determine the performance of the mm-wave cell discovery
Fig. 6. Illustration of (a) Dynamic SLS and (b) Enhanced Discovery
Procedure. Estimated user location is (x0, y0).
phase. Several approaches can be designed with different
complexity, depending on the available user-context infor-
mation. In this section, we focus on algorithms based on
the mobile terminal position estimation, which is conveyed
to the network through the separated C-plane within the
initial service request.
SLS: A first procedure to populate s consists in a
straightforward extension of the Sector Level Sweep (SLS)
phase of IEEE 802.11ad BF protocol. It considers a fixed
beam width, set to the narrowest available value in order
to preserve the largest coverage. The procedure starts by
configuring the beam parameters pair (w0, d0) (beam width
and pointing direction) that cover the nominal user position
(x, y), then, it proceeds to circularly sweep through adjacent
beams until the whole circle has been explored. Users that
cannot be discovered by this procedure are defined as
unreachable.
D-SLS: As a first improvement over Sector Level
Sweep, we apply a search paradigm that dynamically
adapts beam widths, called Dynamic SLS (D-SLS, see
Fig.6(a)). The search starts considering the widest beam,
(w0, d0), that can reach the user at (x, y). If the user is
not detected, the mm-wave BS sequentially scans around
through every direction, keeping the same beam width w0.
If no user is still found, the mm-wave BS restarts the circular
sweep with a reduced beam width. The next circular scan
will cover a larger area and will consist of a larger number
of attemps. The procedure repeats until every combination
of beam width and pointing direction is explored. The
rationale behind D-SLS is the idea of exploring the close-
by neighborhood through wide beams thereby allowing to
reach nearby users faster than SLS.
EDP: In order to exploit the context information in
a smarter way, we propose an enhanced version of the D-
SLS procedure, named Enhanced Discovery Procedure (EDP)
(Fig.6(b)). As in the previous approach, when a new user
joins the network, the serving BS quickly computes the
correct beam width and pointing direction, (w0, d0), to
properly beam the user based on the estimated position. If
the position is not accurate, the user might not be spotted,
thus, the BS scans the surrounding environment relying
on n circular sectors, each (2π/n)-radian wide. The first
selected sector, r, corresponds to the area containing the
estimated (inaccurate) position of the user. To overcome
the inaccuracy of the position, the BS starts exploring the
sector r through beams with a fixed width w0 and directions
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adjacent to d0. During this exploration the BS considers
alternate clockwise and counter-clockwise beam directions.
If no user is reached, the BS narrows the beam width,
points the beam again towards the estimated user position,
and similarly explores adjacent beam directions within the
sector. After completing the scan of the first sector without
any user connection establishment, the same scan iteration
is repeated for each of the other adjacent n − 1 sectors,
alternating clockwise and counter-clockwise sectors. In each
sector, the exploration starts from the relative {beam width,
pointing direction} pair corresponding to (w0,d0) in r. The
process ends when the UE has been detected or when all n
sectors have been scanned without any user connection.
The Enhanced Discovery Procedure aims at providing
a good trade-off between two opposite strategies: i) first
scanning large azimuthal angles and then extending the
range by narrowing the beam, or ii) first exploring narrow
azimuthal angles until the maximum range is reached and
then changing pointing direction. As shown in the next
section, the most convenient strategy depends on UE dis-
tribution statistics and position accuracy.
5 NUMERICAL EVALUATION
In this section, we assess the cell discovery performance of
the proposed algorithms by means of numerical simulations
carried out by an ad-hoc MATLAB R© simulator. If not stated
differently, we consider the following scenario. We place one
mm-wave BS in the middle of a 450 x 350m area, while 1000
users are dropped according to different distributions, as
described later. We model the user-location uncertainty by
considering the real user position distributed as a symmetric
and independent bivariate normal distribution centered in
the nominal position with parameter σx = σy = σ. We
consider a location error ǫ = 3σ. The antenna gain is
modeled with a Gaussian main lobe profile described in
Eq. (1), while the path loss model used for the transmission
is defined as follows:
P(l) = 82.02 + k · 10 log
(
l
l0
)
(5)
where reference distance l0 is 5 meters and the propagation
factor k is 2.36, if the distance between the transmitter and
the receiver is larger than the reference distance, or 2.00
otherwise. For more details, e.g., fading and other channel
properties, we refer the reader to [32]. The minimum signal
level for primary synchronization signal (PSS) acquisition,
Th = −73dBm, is directly derived from the empirical
measurements presented in [26], where a Signal-to-Noise-
Ratio (SNR) greater than 10dB has been experimentally
confirmed. The BS transmitting power is set to Pt = 30dBm.
The smallest configurable beam width at BS side is 3
degrees, which means the availability of non-overlapping
beams pointing towards 120 directions. Larger beam widths
are obtained by proportionally reducing the number of
directions to 72, 36, 24, 12, 8, 4, 3, and 1 for a total number of
280 antenna configurations available at BS side. As for MT
side, we consider a more limited hardware that consists in
M = 12 non-overlapping beams, with a beam width of 30
degrees that can be pointed in 12 fixed directions. Finally,
if not stated differently, we measure the cell discovery time
Fig. 7. CDF of the number of beam switches performed during the cell
discovery phase considering different user distributions.
in terms of antenna configuration switches at MT side. This
is directly related to the cell discovery time according to
the antenna hardware specifications. In addition, note that
we focus on the smart algorithms implemented only at BS
side and their effects on the discovery performance. Indeed,
we can consider the simple SLS-like algorithm at MT side
as a given behavior, motivated by the limited amount of
resources.
User distribution impact
We first study the impact of the user distribution on the cell
discovery time. We assume no context information about
user geographical positions. The BS randomly chooses a
beam width and a direction (i.e., the pair {w−3dB,d}) from
the set of all possible combinations: We called this scheme
Random Discovery Algorithm. Upon a choice, if no user is
detected, the BS selects another pair of parameters ensuring
that each pair is used once. At each BS switch, the MT
performs a full scan of the surrounding area inM sequential
beam switches. If no user connection is established after
probing all possible pairs of BS and MT antenna configu-
rations, the user is marked as unreachable.
Fig. 7 shows the cumulative distribution functions (CDF)
of the number of beam switches required to detect incoming
users. Different CDFs generated by 4 different user distribu-
tion functions are compared in the plot. In the first curves,
users are dropped in the area according to a 2D normal
distribution centered in BS coordinates and with a standard
deviation σ equal to 20 meters and 40 meters, respectively.
We consider the same distribution for the other two plots
but with a small change: we include a forbidden zone of,
respectively, 50 and 100 meters around the center of the
cell, where users cannot be placed. This results in dropping
all users on the cell-edge, which allows us to investigate the
cell-border effect.
Results provide useful insights: User distributions that
are denser nearby the BS experience a shorter delay. Vice
versa, when the distribution is spread far from the BS,
the cell discovery performance degrades, showing a high
probability of presenting a large number of beam switches.
Especially for these cell-edge scenarios, an improved cell
discovery mechanism is needed.
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(a) Population of 1000 users normally distributed with σ = 10.
(b) Population of 1000 users normally distributed with σ = 100.
Fig. 8. Performance evaluation in terms of average number of beam
switches required to establish a connection for different numbers of EDP
sectors and localization error values.
Context: Geographical Position Accuracy
In this section, we analyze the performance of the context-
based algorithms proposed in Section 4.2 varying the ac-
curacy levels of the position information. Fig. 8 shows the
average rendezvous time, in terms of number of antenna
configuration switches, when the location accuracy varies
and users are normally distributed over the rectangular
area with different standard deviations σ. The figure shows
curves for two algorithms: D-SLS, and EDP. For the EDP
algorithm, four curves are plotted varying the number of
sectors n from 1 to 8. Due to the user location information,
D-SLS and EDP algorithms outperforms SLS, which takes in
average more than 500 MT switches to establish a connec-
tion. Interestingly, considering EDP, going from one sector,
360-degree wide, to more and narrower sectors makes the
rendezvous time increase. Indeed, when the error increases,
the higher error sensibility of narrower sectors negatively
impacts on EDP performance. The algorithm is caught up in
a deep exploration of a sector that could be wrong due to the
position inaccuracy. The choice of a single 360-degree-wide
sectors seems to be the best choice for this scenario without
obstacles.
When the user distribution concentrates users close to
the BS, like in Fig. 8(a) with σ = 10, the average num-
ber of required switches, using a single 360-degree sector,
decreases. This is due to the fact that users placed close
to the BS can be covered with short-range (wide) beams
and, consequently, the surrounding area can be scanned in
few switches. However, Fig. 8(b), where σ = 100, reveals
an interesting behavior when the EDP algorithm considers
45-, 90- and 180-degree-wide sectors (8, 4, and 2 sectors):
the rendezvous time decreases with respect to the results
for concentrated users in Fig. 8(a). The motivation is purely
geometric: if a close user and a far-away user are charac-
terized by the same location error, the error of the latter is
seen through a narrow view angle, while the error affecting
the former has a much larger impact on the view angle.
This implies that location errors for users close to the BS,
which are more when the normal distribution has a smaller
σ, are magnified by angular-selective discovery procedures.
Finally, EDP with n = 1 performs better than D-SLS, as it
prefers to activate beam configurations directed towards the
user rather than to perform circular beam searches.
(a) Average number of BS switches.
(b) Average number of MT switches.
Fig. 9. Comparison between analytical and simulated results at different
location error values.
Model quality assessment
In order to assess the level of approximation introduced
by the model described in Section 4.1, we have compared
the performance predicted by the analytic model with those
empirically obtained with the simulator. We have consid-
ered the same realistic scenarios described above, however,
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for sake of brevity, we show results only for the case of
users dropped according to a uniform random distribution.
Nevertheless, we want to remark that our proposed model
works with any other user distributions, so as similar results
can be obtained and similar conclusions can be drawn.
Fig. 9(a) plots the average number of BS steps needed
by EDP and D-SLS algorithms to establish a connection in
case of different location errors. The figure confirms the high
accuracy of the model by showing a very small gap between
analytical and simulated values for every practical location
error value. As expected, the figure shows that the number
of required steps increases as the error increases. A similar
behavior is shown in Fig. 9(b), where the number of switches
at MT side is reported.
6 DEALING WITH OBSTACLES
Real environments are characterized by objects that can
lie between mm-wave transmitters and receivers causing
severe signal attenuations. These objects can be static (trees,
buildings, etc.) or nomadic obstacles (human bodies, vehi-
cles, etc.). While the effect of mobile obstacles can be mod-
eled as a random fading and, thus, addressed by physical
layer solutions, fixed obstacles systematically drop the sig-
nal and must be avoided from an upper layer perspective.
Since the propagation of mm-waves through obstacles is
practically unfeasible, the only viable solution is to deviate
from a LOS path and turn around the obstacle. Resorting
to deviated paths is particularly efficient with mm-waves
because of the good reflectivity of walls at high frequencies
[12]. Considering surfaces as quasi-perfect mirrors, when a
user is not reachable via a direct beam the cell search algo-
rithm can leverage ray reflections to provide the user with
a minimum level of power. In the ideal scenario where the
network is perfectly aware of users’ locations and obstacles’
shapes and positions, the cell discovery procedure could
promptly compute beamforming parameters at BS and MT
side for the best reflected path. However, a detailed map
of the area may be unpractical to retrieve, or it may require
time-consuming in-field surveys. A more practical approach
is based on geo-located context Data Bases (DBs).
Obstacles may notably delay the cell discovery process,
in particular when advanced discovery algorithms are im-
plemented. Indeed, algorithms are designed to focus BS
beams around the nominal user’s position, assuming LOS
conditions. However, the reflected path can substantially de-
viate from the LOS path, thus a long sequence of candidate
BS beams could be explored before finding the one covering
the user. At MT side, the impact is less relevant. Indeed,
the simple sequential beam scanning starts from a random
position and it less influenced by LOS path deviations.
The effect of obstacles can be summarized as an error
shift between the direct BS beam covering the nominal
user’s position and the correct BS beam used to reach the
user in the real position. This shift presents similar features
as the position error. Nevertheless, it is deterministic, allow-
ing the algorithm, once the user is discovered, to store the
correct beamforming configuration in the DB in terms of
{(x, y), w, d} tuples, where user’s position (x, y) is bonded
to BS beam parameters (beam width w and beam direc-
tion d). This approach takes advantage of past attempts,
Fig. 10. Example of rangem setup in the geo-located context database.
speeding up the discovery process when a new user service
request comes from a “known” position (or close to that).
The use of the DB information, however, is not straight-
forward: Here we carefully address the definition of “close-
ness” to a position associated to a DB entry. To this aim,
we introduce a range m. Given a new user requesting
access from a nominal position p = (x′, y′), m indicates the
maximum distance from p within which candidate entries
can be considered in the DB, as shown in Fig. 10. The
discovery phase tests all BS beam configurations of valid
entries, which are sorted based on their distance from p.
Note that, although multiple entries can suggest the same
beam configuration, each beam configuration is activated
only once, at the closest entry. If the user is not found using
DB information, the search proceeds by activating one of the
algorithms proposed in Section 4.2.
The range m is strictly related to the spatial correlation
of the scenario with obstacles. If m is very small, the DB
information may be underutilized. Only new mobile termi-
nals placed very close to a known position can benefit of
past attempts, even if the same beam configuration could be
used for farther users as well. Vice versa, very large ranges
may introduce misleading information. Indeed, the beam
configurations that can cover very far-away positions are
in general considerably different, therefore relying on “far”
DB entries will likely produce unsuccessful attempts. In ad-
dition, a further source of spatial incoherence is the obstacle
shadowing effect, which can change the successful beam
configuration even for relatively close positions. Therefore,
a good trade-off for designing m must be investigated. We
discuss these issues and provide a numerical evaluation in
the next section.
6.1 Performance evaluation
We carried out an exhaustive simulation campaign to evalu-
ate the impact of the geo-located context DB in scenarios
with obstacles. Numerical results are obtained with our
MATLAB simulator considering the above-mentioned sce-
narios (please refer to Section 5), unless differently specified.
A 450m x 350m deployment area is characterized by
20m x 20m square obstacles uniformly dropped. We con-
sider obstacles as opaque bodies with reflecting edges, we
assume the area boundary reflecting as well. Since we
investigate a simplified 2D scenario, ground reflections are
statistically included in the propagation model in terms of
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Fig. 11. Performance comparison of D-SLS EDP algorithm at different
location error values when varying the number of EDP sectors.
random fading, i.e., they are not considered as possible
reflected paths to reach MTs.
While the propagation model for LOS paths is the same
as in Section 5, we model the path loss of reflected paths (by
approximating it to the first and unique reflection) with the
following equation:
PR = 82.02 + k · 10 log
(
lr
l0
)
+R + F (6)
where the reference distance l0 is 5 meters and k is 2.36,
if the distance between the transmitter and the receiver
is longer than the reference distance, or 2.00 otherwise.
Reflection losses are summarized by:
R = 20 log
(
sin θ−√B
sinθ+
√
B
)
, B = ǫ− cos2 θ;
F = −80ln 10
(
piσ sin θ
λ
)2
.
We consider ǫ and σ as roughness and reflection coefficients
of the material (namely, σ = 0.2mm and ǫ = 4 + 0.2j [32]),
while θ and lr as the reflection angle and the length of the
reflected path, respectively.
In Fig. 11 we first investigate the impact of the variation
of the number of sectors n (or, equivalently, the sector width
2π/n) on the performance of EDP algorithm in a scenario
where the DB is not available. The figure indicates the
average number of antenna configuration switches before
a connection is established using EDP, in case of four
different location error values. Results of D-SLS algorithm
are reported as well for the sake of comparison. In case
of a location error of 10m, we can see a remarkable delay
decrease when the number of sectors goes from 1 to 2, then,
the improvement dramatically reduces further increasing
the number of sectors. The behavior of the 50m-error curve
is similar to the 10m-error one, except for a weak minimum
around 12-13 sectors. The presence of a minimum is more
evident when the location error increases, in addition, the
minimum moves left, towards smaller numbers of sectors.
The reason is explained by the following trade-off. On
the one hand, a few and wide EDP sectors increases the
rendezvous time because of the delayed exploration of areas
far from the BS, i.e., longer reflected paths requires nar-
rower beams to be covered. On the other hand, several and
narrow sectors increase the number of required switches as
well, due to the higher sensibility to location errors caused
by the increased angular-selectivity. When the number of
sectors excessively increases, large location errors produce
an adverse effect and the finer context exploitation of the
EDP algorithm is completely canceled by the sensibility to
location errors. Interestingly, this behavior does not occur in
an obstacle-free scenario as the LOS path is always available,
thereby minimizing the benefit of quickly exploring far-
away areas.
Considering the DB, Fig. 12 shows the performance
in terms of number of MT switches required to connect
incoming users, for different values of user location error
and different numbers of obstacles dropped into the area.
The x-axis of the plots shows the variation of range m used
to process DB entries and the value m = 0 indicates the DB
is not used.
In Fig. 12(a), wherein a perfect location information is
assumed, the presence of obstacles increases the number
of required switches. Indeed, a BS beam directed to the
nominal user’s location cannot reach the user at his real
position. This triggers an antenna configuration search.
Clearly, more obstacles lead to a higher average number of
antenna switches needed to establish a connection. Indeed,
augmenting the number of obstacles directly increases the
probability that the LOS beam cannot cover the mobile
terminal. In addition, more obstacles make the difference
between the direct beam and the covering beam larger, thus,
the search for a new antenna configuration longer. The effect
of the DB is to avoid this search after the first successful
access. Accordingly, the figure shows how the improvement
obtained by using the DB information is larger when more
obstacles are dropped into the area.
A different scenario is evaluated in Fig. 12(b), where
a large location error of 80m is considered. However, the
advantages of using the DB information are still evident,
the performance gain is even greater. A first aspect to note
is that, as expected, the number of required switches is
much higher than in the case of no location error, due to
the combined effect of obstacles and location error. We can
also note that the impact of the DB is more evident when
D-SLS is used. Indeed, since the D-SLS is less efficient than
EDP, finding a user with the DB information allows to save
a larger number of beam switches.
The impact of the range m on the performance can be
understood from Fig. 13 and Fig. 14. Fig. 13 shows the
average number of antenna configurations available in the
DB for users that eventually connect to the BS using only DB
information. It analyzes the dependence of this number on
the rangem in scenarios with different numbers of dropped
obstacles and location error intensities. As expected, it
clearly shows that a larger DB range provides more con-
figurations to be tested for incoming users. Note that D-SLS
and EDP values are the same. Since both algorithms get the
same successful beam, the DB will be populated with the
same content as well.
In addition, Fig. 13 shows that as the number of obstacles
increases, users discovered only using DB information have
seen a larger number of antenna configurations. The reason
lies in the fact that obstacles harshen the environment and
increase selectivity, so that only users with many candi-
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(a) No location error.
(b) 80m location error.
Fig. 12. Performance evaluation of DB-aided algorithms in terms of
average number of beam switches varying location error and number
of obstacles in the area.
Fig. 13. Average number of DB candidate configurations varying location
error and number of obstacles in the area.
date beams in the DB can successfully find the best one.
Moreover, applying the geo-located DB in scenarios with
higher location errors produces larger sets of candidate
beam configurations. Indeed, due to the higher location
error, a certain DB range, which selects DB entries according
to their nominal positions, will correspond to a sparser set
of real positions. Those real positions are reached by a larger
Fig. 14. Probability of successful memory access varying location error
and number of obstacles in the area.
variety of beam configurations with respect to the case there
was no location error, i.e., they were close to the nominal
ones.
Fig. 14 shows the conditioned probability of success-
fully establishing a connection using the DB information,
provided that at least one candidate DB entry is available
and considered for the incoming user. The impact of the
rangem on the success probability is the result of a trade-off
between two aspects. Increasing m causes users “relatively
far” from DB entries to have non-empty candidate sets.
This generally decreases the conditioned success probability
because it brings in users “relatively badly positioned” with
respect to DB entries. However, increasing m enlarges the
set of beam configurations that can be tested when the DB is
accessed, this increases the success probability, especially in
case of location errors. The final emerging behavior depends
on the actual numbers of obstacles and on the location error
intensity, determining the curves’ trend in the figure.
Interestingly enough, in the ideal scenario with no ob-
stacles and no location error described in Fig. 12(a) (over-
lapping red curves), the use of the DB is detrimental. How-
ever, this ideal scenario does not require the presence of a
geo-located context DB; even a cell discovery algorithm is
redundant. In fact, with no obstacles and perfect accuracy,
users can be perfectly reached by directly beamforming on
their nominal positions. Moreover, note that the curves in
the figure have a week minimum point, after that, further
increasingm slightly increases the number of required steps.
In fact, as stated in the previous paragraph, enlarging the
range makes the information of selected beam candidates
be poorly correlated with users’ positions, thus resulting in
a wastage of unsuccessful beamforming attempts.
7 IMPLEMENTATION ASPECTS
Current cellular deployments are characterized by the lack
of multi-connectivity solutions able to orchestrate and fully
exploit different Radio Access Technologies to provide
context-based throughput improvements. In order to ad-
dress this issue, an approach based on BS-assisted networks,
also known as “Phantom Cell” approach [34], has been
recently proposed as a solution offering a continuous service
by means of the BS (or eNodeB, according to the 3GPP
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terminology) coverage, while capitalizing the ultra capac-
ity access such that provided by mm-wave small cells, as
previously presented in Section 1.
The Phantom Cell concept relies on the C-plane/U-plane
splitting. While the C-plane is provided by eNodeBs (eNBs)
for all users within the network, the U-plane is provided
by mm-wave small cells only for those users within the
ultra-capacity coverage. Hence, the radio resource control
(RRC) connection phase between MTs (or UEs, according to
the 3GPP terminology) and the mm-wave small cells, e.g.,
channel establishment and release operations, are directly
controlled by the eNB. Although mm-wave small cells do
not provide a cell identification signals, they might be di-
rectly accessed through the eNB signaling. This benefits the
control signaling in terms of handover procedures, which
are significantly reduced. However, it requires low-latency
connections, such as optical fibers, between the eNB and the
mm-wave small cells. This architecture enables the use of
mm-wave technologies in the radio access networks.
When a user crosses an ultra capacity area, it might
be granted to access to the mm-wave small-cell network,
as depicted in Fig. 15. The user sends the ultra capacity
connection request (1.) through the control plane. The eN-
odeB activates the new connection procedure by issuing
the ultra capacity requests towards best candidate mm-
wave small cells that can cover the user (2.). After check-
ing the resource availability, the mm-wave cell accepts the
new user connection (3.). The discovery procedure starts
afterwards (5.) and, once the user is discovered, the ultra
capacity connection between the mm-wave small cell and
the user can be correctly established (11.). The figure also
shows how this system can be fully supported by a new
ICT standardization framework aiming at providing more
“intelligence” towards the network edge, namely theMobile
Edge Computing platform [35].
1. Ultra Capacity Request
(RRC connection req)
mm-wave
small cell
Fig. 15. Flow diagram for Cell Discovery Procedure in 3GPP architec-
ture.
Mobile Edge Computing (MEC) is a ISG (Industry Spec-
ification Group) defined by the ETSI standardization orga-
nization, which started in 2014 from a consortium of the
major industrial partners and mobile operators. The main
objective of MEC is to provide an IT service environment at
the edge of the network, wherein user-specific applications
may be developed. The main advantage relies on the very
low latency and high bandwidth which facilitate a real-
time access to radio resources. The MEC platform might be
placed at base stations as well as in data-centers close to
the access network, to provide processing and data storage
functionalities. The standardization group has the goal of
defining advanced APIs, based on both network and user
context, to develop network applications for increasing the
user quality of experience, such as augmented reality or
gaming.
In our perspective, MEC platform enables the improve-
ment of network management operations as well, by allow-
ing the design of advanced functionalities, computational-
intensive and/or storage-demanding, operating on a lo-
cal basis. Supporting mm-wave small cells with a MEC
platform allows network operators to develop application-
specific discovery algorithms, e.g., SLS, D-SLS or EDP, to
beam the users and provide ultra-capacity connectivity.
Applications can also coordinate the activity of a pool of
small cells and process large DBs of context information,
gathered at different places in different times, in order to
speed up the discovery.
As shown in Fig. 15, when an ultra-capacity connection
request is received, the mm-wave small cell requests the
activation of an instance of the Discovery Application on
the MEC-based Application Server (5.), the application runs
in a virtualized environment and collects user and network
information via the MEC API in order to optimize the
cell discovery process (7.). After the customization of the
discovery phase parameters according to the specific context
information (8.), the Discovery Application dispatches the
best sequences of beam configuration identifiers to both
small cells and users, through the C-plane connection (9.).
Scanning through the provided sequences, the mm-wave
small cell and the user eventually beam each other. Then,
the Mobile Management Entity (MME) can starts the soft-
handover: the Serving Gateway (S-GW) will instantiate a
new GTP tunnel with the user through the mm-wave small
cell. The ultra-capacity connection is successfully estab-
lished (11.).
8 CONCLUDING REMARKS
We have analyzed the directional cell discovery problem
in mm-wave 5G networks characterized by the C-/U-plane
split. We have shown that currently available solutions are
not suitable for mm-wave highly-directional systems and
novel approaches must be designed.
We have proposed new discovery algorithms enhanced
by the context-information available through the separated
C-plane link. Results show that the performance of the algo-
rithms depends on user distribution, however, they greatly
outperform conventional SLS procedures, even in case of
low information accuracy. In addition, we have developed
an analytic model that predicts the cell discovery time with
very high accuracy at both BS and MT side.
We have also investigated the beneficial impact of a geo-
located context database, which can substantially improve
the performance of the proposed algorithm in case of ob-
stacles, basically enabling mm-wave cell discovery in future
network scenarios.
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